All-optical helicity-dependent switching (AO-HDS), deterministic control of magnetization by circularly polarized light pulses, allows to efficiently manipulate magnetization without the need of a magnetic field. While ferrimagnetic metals show single-shot magnetization switching, ferromagnetic metals require a large number of pulses to fully reverse the magnetic state from "up" to "down" or vice versa. Here, we demonstrate a drastic reduction in the number of pulses for full switching in a single stack of Pt/Co/Pt. To achieve this, we used pairs of optical pulses, a femtosecond linearly polarized pulse followed by a picosecond circularly polarized pulse. The obtained results suggest that the dual-pulse method is a potential route towards realizing efficient AO-HDS in ferromagnetic metals.
The explosive growth of big data and artificial intelligence demands faster and more energy efficient ways to manipulate and store data 1 . One approach is to use current-induced torque to switch magnetization, as in spin-transfer torque magnetic random access memory 2 . Another potential route is to utilize an ultrashort laser pulse 3 . It was demonstrated that in ferrimagnetic transition metal-rare earth alloys 4,5 , a single ultrashort laser pulse can switch the magnetization.
Furthermore, all-optical helicity-dependent switching (AO-HDS) was recently demonstrated in a variety of ferromagnetic metals, including thin films of Co/Pt [6] [7] [8] [9] [10] [11] and Co/Ni 8 , as well as granular alloys with high coercivity, like CoAgPt 6 and FePt 12 . It is now widely accepted that the switching proceeds via two stages: helicity-independent nucleation of switched domains and helicitydependent deterministic domain wall (DW) motion 7, [9] [10] [11] . However, the magnetization reversal from fully "up" to fully "down" requires at least 10 2 -10 3 light pulses [6] [7] [8] [9] [10] [11] [12] .
Here, we demonstrate a dual-pulse method, schematically shown in Fig.1 , to realize efficient AO-HDS in a single stack of Pt/Co/Pt with perpendicular magnetic anisotropy. The first short pulse is used to reduce the switching field and the second circularly polarized pulse coming after a constant time separation can efficiently switch the magnetization owing to this reduction. Indeed, we find that 4 pairs of pulses can fully switch the magnetization, when a 90-fs linearly polarized pulse, acting as the first optical pump for demagnetization, and a subsequent 3-ps circularly polarized pulse, as the second optical pump for switching, are used with the pulse interval of 4 ps. In stark contrast, using only circularly polarized pulses, 100 -150 pulses are still required for fully switching the same stack. Dual-pulse AO-HDS strongly depends on the pulse interval. This unambiguously indicates the ultrafast reduction in the magnetic properties by the first pulse is crucial for the drastic reduction of the pulse number required for switching.
Results
Multi-pulse AO-HDS in the Pt/Co/Pt structure. We used a Pt/Co/Pt stack, which is a typical candidate for spintronic devices 2 as well as for AO-HDS [6] [7] [8] [9] [10] [11] . The multilayer of Ta(4 nm)/Pt(3.0 nm)/Co(0.6 nm)/Pt(3.0 nm)/MgO(2.0 nm)/Ta(1 nm) was sputtered on a synthetic quartz glass substrate. DC and RF sources were used for depositing Ta, Pt and Co, and MgO, respectively.
The MgO/Ta capping layer prevents the magnetic layer from oxidization. The multilayer exhibits a perpendicular easy axis of magnetization as seen from the perfectly square magnetic hysteresis as a function of perpendicular magnetic field (see Supplementary Information).
In the first set of experiments, we characterized the multi-pulse AO-HDS in the Pt/Co/Pt stack using a static magneto optical set-up (see Methods). Figure 2a shows magneto-optical images taken after the film in down(M -)-/up(M + )-magnetized state was excited with 1,000 right(σ + )/left(σ -) circularly polarized light pulses, at a repetition rate of 1 kHz. In the experiment, the pulse width τσ was varied in the range of 0.5 -3.0 ps. Uniform AO-HDS is observed for τσ in the range of 1.0 -3.0 ps. However, a slight increase in fluence Fσ results in a multi-domain structure at the spot center. This is due to a larger demagnetized area in comparison to the equilibrium domain size. Figure 2b shows averaged net magnetization <M> after illumination with the laser pulses, as a function of τσ and Fσ. <M> was determined by averaging the intensity of a 15-µm diameter area (within the excited region) and normalizing it to the corresponding intensity when the magnetic state of the same area was fully switched. The <M> diagram indicates that a longer pulse width is more suitable for AO-HDS, as already demonstrated by R. Medapalli et al. 9 . In order to better understand the switching process, snapshots were taken before and after pumping the sample with 150 -800 σ + pulses (τσ = 3.0 ps), as shown in Fig. 2c . It was observed that a few hundred pulses nucleate a switched magnetic domain at the spot center. Subsequent illumination with the pump pulses only increased the switched area by inducing DW motion. Hence, as depicted in Fig.  2d , the switching process can be separated into (i) nucleation of a switched domain and a (ii) subsequent DW propagation.
Dual-pulse AO-HDS in the Pt/Co/Pt structure. In the next set of experiments, we demonstrate that a dual-pulse method is truly much more efficient for AO-HDS. Figure 3a shows snapshots before and after irradiating the sample with 1-5 pair(s) of pulses. Here, the pulse width τπ and fluence Fπ of the linearly polarized pulse were fixed at 90 fs and 2.29 mJ/cm 2 , respectively, corresponding to the demagnetization threshold. The light pulse with circularly polarization (τσ = 3.0 ps and Fσ = 1.94 mJ/cm 2 ) was made to reach the sample after a pulse interval Δt = 4.0 ps.
Remarkably, 4 such pulse pairs are sufficient to fully switch the magnetization of a 15-µm diameter area. This indicates that the dual-pulse method is extremely efficient and a potential approach towards ultrafast AO-HDS in ferromagnetic metals. Dual-pulse AO-HDS with shorter τσ is shown in Supplemental Information, which also shows that longer pulses are more suitable for dual AO-HDS than shorter ones. Note that a total of 8 pulses is a record small number amongst the existing reports on AO-HDS in ferromagnetic metals [6] [7] [8] [9] [10] [11] [12] , where at least 10 2 -10 3 light pulses are required for full switching. For comparison, we display the images obtained for multi-pulse excitations with circularly polarized light (τσ = 3.0 ps and Fσ = 5.48 mJ/cm 2 ) in Fig. 3b , where the pulse interval between each pulse was set to be at least 1 second. We observed that 100-150 pulses are still required for switching the same area, in contrast to the dual-pulse approach. The required laser fluence increases with decreasing the repetition rate, because the magnetic properties reduce by the accumulated heat in the substrate 9 . The total laser fluence for full switching with the dualpulse method, 4 ⨯ (Fπ + Fσ) ~ 17 mJ/cm 2 , is much smaller than 100 ⨯ Fσ ~ 548 mJ/cm 2 used for the multi-pulse approach. This indicates that the dual-pulse method not only minimizes the number of pulses, but also dramatically reduces the net laser fluence required for switching.
Dual-pulse AO-HDS in the Pt/Co/Pt structure for various pulse interval. To better understand
the role of the first short pulse, we varied Δt between the pulses and observed the impact on AO-HDS. Figure 4a shows snapshots taken after illuminating the uniformly magnetized film with 4 dual pulses at positive as well as negative Δt. Here, we used the following laser parameters: τπ = 90 fs, Fπ = 2.35 mJ/cm 2 , τσ = 3.0 ps, and Fσ = 1.26 mJ/cm 2 . Furthermore, the averaged net magnetization <M> after 4 pairs of pulses is plotted in Fig. 4b as a function of Δt. <M> was determined in the same manner as in the previous section. When the circularly polarized pulse reaches the film before the linearly polarized pulse (Δt < 0.0 ps), a muti-domain state is stabilized (<M> ~ 0.0) because the linearly polarized pulse has demagnetized the magnetic state. When the two pulses simultaneously arrive at the film (Δt = 0.0 ps), the multi-domain area is maximized.
With increasing Δt beyond 0.0 ps, the multi-domain area shrinks and a uniformly switched area appears near the outmost DW; eventually, the multi-domain area disappears and <M> gets to -1.0 at around Δt = 4.0 ps. A further increase in Δt drastically decreases the switched area and increases <M>. These observations indicate that the ultrafast reduction of the magnetic properties triggered by the first short pulse and the pulse interval and order of the two pulses are crucial for dual-pulse AO-HDS.
Discussion
The first important question is: what is the driving force behind AO-HDS in ferromagnetic metals? The obtained results show a clear light helicity dependence of the switching process.
This means that the circularly polarized light breaks the degeneracy between two domains with opposite magnetization orientations. Therefore, the effect of the pulse can be expressed in forms of an effective magnetic field. Quantum mechanical treatment of the inverse Faraday effect 13 showed that, next to a relatively small magnetic polarization, a light pulse induces an effective Zeeman field. The peak amplitude of the effective Zeeman field is proportional to the square of the laser electric field in the system；for instance, stretching the pulse width from 90 fs to 3.0 ps reduces the peak amplitude to 3.0 % at a constant fluence. Since the life time of the photo-excited electrons in Co is short (less than 2 fs at 1.55 eV 14 ) with respect to the pulse duration, an increase in pulse duration will significantly decrease the strength of this opto-magnetic phenomenon.
Therefore, the inverse Faraday effect is an unlikely candidate to explain the result that the longer pulse is more suitable for AO-HDS in the present system. the wavelength of 800 nm and the thickness values given above. The heat gradient across a DW produced by the illumination of the circularly polarized pulse is five orders of magnitude larger than when using a conventional way 16 with heaters to produce a lateral heat gradient. This giant heat gradient can generate large spin transfer torques [17] [18] [19] to a DW and move it. Note that it is clear that the temperature gradient increases with increasing the total energy of the laser pulse, apart from the relevant mechanisms. Therefore, the longer pulse can supply larger energy to the system without demagnetizing 20 and thus should be more suitable for AO-HDS under this scenario.
The second important question to discuss now is: why is the dual-pulse method more efficient than the multi-pulse method? Ultrafast demagnetization triggered by the first pulse is crucial to explain this. Just after the arrival of the first short pulse, the magnetization drastically decreases on a time scale of hundreds of femtoseconds (see ref. [20] [21] [22] [23] [24] and Supplementary Information) . When the fluence of the short pulse reaches the critical level at which the electron temperature reaches the Curie temperature (TC), a paramagnetic-like state appears 23, 24 (Fig. 5a) . A switched domain is indeed observed at the center of the spot when using only the short linearly polarized pulse at the demagnetization threshold (see Supplementary Information) . Therefore, the fluence of the first pulse was high enough to create the paramagnetic-like states around the center of the spot.
After the paramagnetic-like state, small switched domains nucleate stochastically. Subsequently, each domain absorbs an amount of energy from the subsequent long pulse depending on the magnetic orientations and the light helicity. The thus formed heat gradients across the DWs move them. The cooler domains expand and merge to form larger domains, whereas the hotter domains shrink to disappear. We note that there should be an optimal pulse interval between the two pulses in the dual-pulse switching processes, as observed in Fig. 4 . When the pulse interval is too short, the domains return to the paramagnetic-like state because the spin temperature rises again to TC.
On the other hand, when the pulse interval is too long, the recovered magnetic properties can slow down the DW motion. Therefore, to move the DW efficiently, the spin temperature should be as close to TC as possible but must stay below TC.
In the case of the single-pulse excitation, the laser pulse has almost passed through the system before the magnetization reaches the minimum 20 and switched domains nucleate.
Understandably, a heat gradient across a DW never forms unless a switched domain already exists. Even when switched domains already exist, the single-pulse excitation is inefficient because the reduction of the magnetization and the formation of the heat gradient across a DW develop simultaneously.
In conclusion, we have demonstrated that our dual-pulse method can drastically reduce the pulse number required for AO-HDS in a Pt/Co/Pt structure. Using a linearly polarized femtosecond pulse for the first pump and a circularly polarized picosecond pulse for the second pump, we successfully realized a record small number of 8 pulses to fully switch a magnetic domain. In the dual-pulse method, the pulse interval between the different functional pulses is important. This means that the ultrafast decrease in the magnetic properties triggered by the first pulse is crucial for reducing the number of pulses for deterministic AO-HDS. This research suggests that the dualpulse method is a potential route towards realizing efficient AO-HDS in ferromagnetic metals. 
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